source of urea being from the conversion of arginine to putrescine. Since E. coli itself has no demonstrable urease activity, the rate of urea production is a measure of the flux through the arginine to putrescine pathway.
A previous report demonstrated the presence of two major pathways of putrescine biosynthesis in Escherichia coli grown in minimal medium (8) . The To extract urea from cells, the pellet obtained from the above centrifugation was extracted with 0.3 N trichloroacetic acid as described by Dubin and Rosenthal (3). The protein precipitate was removed by centrifugation. The trichloroacetic acid supernatant solution was extracted three times with 1 volume of ether, and then passed over a column and concentrated as described above. The ether extraction resulted in the transfer of less than 1% of the urea into ether phase.
Urea determination: Assay L Samples prepared as above were incubated with and without urease (0.8 mg of crude urease per ml) for 30 min at 25 C. Color was developed by the procedure of Gerhart and Pardee (4) for carbamyl groups and the number of micromoles of urease-sensitive material was calculated. Assay II. Samples were incubated with and without urease as in assay I. The ammonia produced was distilled and trapped in Conway microdiffusion dishes and analyzed with Nessler's reagent (5) .
Incorporation of radioactive precursors into urea. Exponentially growing cultures of 30SO-arg 4 were centrifuged, washed, and resuspended in M63 medium containing 0.05% dextrose plus the indicated amino acid. The specific activity of the guanidino-14C-arginine was 161,000 counts per min per Mimole, and the specific activity of the uniformly labeled 14C-glucose was 105,000 counts per min per ,ug atom of carbon. Cultures of 10 ml each were grown in the presence of the radioactive precursor from an initial density of 5 X 107 cells/ml to a final density of 5 X 108 cells/ml. These cultures were centrifuged and urea samples were prepared as described above. Samples were incubated with and without urease as in assay I. After incubation, trichloroacetic acid was added to a final concentration of 5%, and the radioactive CO2 was trapped and counted as previously described (7) . The samples were then analyzed for ammonia as in assay II, and the amount of urea was determined. The specific activity of the urea was then calculated from the radioactivity in CO2 and the amount of urea.
Determination of urea hydrolysis by E. coli. For determination of urea hydrolysis by whole cells, exponential cultures of strain 3000 (3 X 108 cells/ml) were centrifuged, washed, and resuspended in fresh medium containing 10-3 M 14C-urea (7.4 Table 1 were performed on centrifuged culture media. Cells in various growth stages were examined for the presence of intracellular urea. No urea was found by an assay which could have detected as little as 0.5 nmoles of intracellular urea per 109 cells. Therefore, essentially all of the urea produced was excreted into the medium. Figure 1 illustrates the time course of urea production by E. coli K-12 growing in the presence and absence of arginine. The rate of urea synthesis is approximately fourfold higher in the arginine-supplemented culture, in agreement with the results in Table 1. Origin of urea. To determine whether the sole source of urea was from arginine, incorporation of labeled precursors into urea was studied by use of an arginine-requiring mutant of E. coli K-12. The results are summarized in Table 2 . When the cells were grown in the presence of guanidino-14C-arginine, label was incorporated into urea with high efficiency. Cells grown in media supplemented with radioactive glucose and unlabeled arginine incorporated no radioactivity into urea. These results indicate that far less than 1 c%O of the urea could be produced from a precursor other than arginine. The high level of incorporation with cells grown in '4C-glucose and unlabeled ornithine is due to the production of the carbamyl group of arginine from carbamyl phosphate. The drolyzes urea, the rate is insignificant compared to the rate of production. DISCussIoN As predicted from in vitro studies, whole cells of E. coli produce urea. A great proportion of the urea produced is excreted into the medium, leaving an insignificant intracellular pool. The major source of urea is the guanidino group of arginine. From studies on incorporation of uniformly labeled glucose and guanidino-labeled arginine into urea, it can be concluded that in cells growing with arginine supplementation, more than 99% of the urea is formed from arginine. This does not rule out the possibility of an alternate pathway in cultures growing in the absence of arginine. However, this is highly unlikely since the presence or absence of arginine would not be expected to affect urea production by an unrelated pathway.
The lack of urease activity in both whole cells and in cell-free extracts indicates that there is not significant urea degradation by E. coli. This fact, and the evidence suggesting that E. coli contains no major pathway of urea production other than from arginine, indicates that the amount of urea produced is a measure of the number of moles of putrescine produced via the arginine to putrescine pathway (reactions 2 and 3). In support of this, the amount of urea produced by E. coli K-12 growing in the presence of arginine and the amount of putrescine synthesized under these same conditions (D. R. Morris and K. L. Koffron, unpublished data) are identical (40 nmoles per 109 cells). These considerations suggest a method for determining the relative in vivo rates through the two pathways of putrescine synthesis. Since the rate of urea production reflects the rate of functioning of the arginine to putrescine pathway (reactions 2 and 3), the difference between this rate and the total rate of putrescine production gives one the rate of functioning of the ornithine to putrescine pathway (reaction 1). By this technique, one can study the regulation of these two pathways in vivo. These studies are presently being carried out.
